I. INTRODUCTION
Magnetic nanoparticles have attracted considerable attention in recent years due to their unique physical properties and potential industrial and biomedical applications.
1-3 Several methods have been reported in the literature to synthesize magnetic nanoparticles. 4 However, the ion-exchange method developed by Ziolo et al. 5 offers the distinct advantage of tolerating relatively lower temperatures ͑60-70°C͒ and not producing particle aggregation. The memory effect and particle-size-dependent magnetic properties of ␥-Fe 2 O 3 precipitated in polystyrene and alginate hydrogel matrices prepared by this method have been studied in detail. [6] [7] [8] However, the ion-exchange method can also produce nanoparticles of ferrites and other structures. Progress has been made recently in spinel ferrite-based nanoparticles in the synthesis of specific magnetic carriers. In particular, size-controlled and antibody-coated 60 Co ferrite-based nanoparticles offer exciting possibilities for targeting neoplastic cells. 9, 10 In this paper we report synthesis of cobalt-ferrite nanoparticles by ion exchanging sulfonated polystyrene resin with iron and cobalt chlorides. The samples have been characterized by x-ray diffraction, 57 Fe Mössbauer spectroscopy, and superconducting quantum interference device ͑SQUID͒ magnetometry. The results clearly indicate dependence of the valence state of iron in the salt solutions and the amount of Co on the size and magnetic properties of the nanoparticles.
II. EXPERIMENT
Maghemite and cobalt-ferrite nanoparticles were prepared 5 by mixing 20 g of cross-linked sulfonated polystyrene resin with aqueous solutions of ͑1͒ FeCl 2 , ͑2͒ 80% FeCl 2 + 20% CoCl 2 , ͑3͒ FeCl 3 , and ͑4͒ 80% FeCl 3 + 20% CoCl 2 . The solutions were then exposed to 1M solution of NaOH followed by dropwise addition of H 2 O 2 ͑18% solution͒ at 65-70°C. This process produced nanoparticles of iron oxide/ferrites of the first loading. The process was repeated several times to increase the amount of iron oxide/ ferrite and the particle size. The sixth-loaded samples were characterized by chemical analysis, x-ray diffraction, 57 Fe Mössbauer spectroscopy, and SQUID magnetometry measurements. The atomic fractions of Fe and Co in samples were determined by chemical analysis using inductively coupled plasma atomic absorption spectroscopy.
III. RESULTS AND DISCUSSIONS
The x-ray powder-diffraction ͑XRD͒ patterns of samples 1-4 ͑see Fig. 1͒ show very similar peaks between 25°and 65°. However, the peaks for samples 3 and 4 were much broader than those for samples 1 and 2. The average particle size was calculated by using Scherer's equation. Based on the analysis, which included the peak positions and the peak intensities, the spectra were assigned as follows: sample 1, a single phase of ␥- nanoparticles. When the sample is cooled to 78 K the doublet disappears and a magnetically split pattern with hyperfine fields of 517 and 488 kOe appears ͓Fig. 2͑b͔͒. The values of the two fields correspond to the Fe 3+ ions from the two sites of the ␥-Fe 2 O 3 structure. The Mössbauer spectrum of sample 2, containing Fe͑II͒ and Co͑II͒ ions, shows features resembling those of sample 1, except that the hyperfine fields at room temperature ͑492 and 453 kOe͒ and at liquidnitrogen temperature ͑528 kOe͒ are larger than those in sample 1. The values of the hyperfine fields for sample 2 are indicative of a Co x Fe 3−x O 4 spinel phase 11 in the sample. The Mössbauer spectra for sample 3 are shown in Fig. 3 . At 300 K the spectrum ͓Fig. 3͑a͔͒ consists of a quadrupole doublet with splitting value of 0.35 mm/ s corresponding to the superparamagnetic particles of ␥-Fe 2 O 3 . Such a spectrum is characteristic of a high relaxation rate of the magnetic moment of the nanoparticles as compared to the Larmor precession of the iron nucleus. Upon cooling the sample to 78 K ͓Fig. 3͑b͔͒ some particles slow down ͑frozen moment͒ but not sufficient enough to exhibit a characteristic six-line Mössbauer pattern. At 4.2 K, however, the relaxation rate becomes smaller and the Mössbauer nucleus can sense all the frozen moments of the nanoparticles exhibiting a wellresolved six-line pattern ͓Fig. 3͑c͔͒. The spectrum is fitted with two hyperfine fields of 518 and 480 KOe and has been assigned to ␥-Fe 2 O 3 nanoparticles. The Mössbauer spectra of the sample 4 are very similar to that of the sample 3 and have 4 phases by detecting small changes in the hyperfine fields. It is noteworthy that the amount to Co introduced in the spinel phase of sample 4 ͑synthesized by using ferric ions͒ is less than that for sample 2 ͑synthesized by using the ferrous ions͒ under the identical reaction conditions. This perhaps is due to the fact that there are more divalent sites than the trivalent in the resin matrix. This provides greater opportunity for ferrous ions to react with Co than the ferric ions. Table I lists all the Mössbauer parameters for the samples. The zero-field-cooled magnetization ͑ZFCM͒ measurement curve for sample 1 shows broad maxima ͓Fig. 4͑a͔͒ in comparison with the sample 3 ͓Fig. 4͑b͔͒. The corresponding temperatures of ϳ350 and 20 K represent their respective blocking temperatures ͑T B ͒. Figure 5 shows the ZFCM and FCM curves for samples 2 and 4. The nature of the curves remain similar, however, the blocking temperature increases to Ͼ350 and 38 K for these two samples. Therefore, by introducing Co in the ␥-Fe 2 O 3 resin matrix, the particle size and hence the blocking temperature are increased. However, the increase in blocking temperature could as well be due to an increase in the anisotropy constant of cobalt-ferrite nanoparticles. Furthermore, a plot of inverse susceptibility versus temperature data for T Ͼ T B did not follow a Curie behavior in the case of samples 3 and 4, suggesting the presence of intra-and/or interparticle interaction. However, one needs to consider the temperature dependence of the saturation magnetization, M s , to accurately elucidate particle interaction.
The M-H curves at 300 K show a remanence and coercivity for the samples 1 and 2 and no remanence and coercivity for samples 3 and 4. However, hysteresis did occur below T B for all the samples. This result is in agreement with the Mössbauer measurement which shows a six-line pattern corresponding to a majority of blocked moments ͑80% of the spectral area͒ for samples 1 and 2 and a quadruple doublet corresponding to the unblocked moments for samples 3 and 4 at 300 K. The M s values were estimated from the curves at 5 K and are listed in Table I 13 have found that the saturation magnetization of ferrite nanoparticles decreases sharply below 10 nm size owing to crystalline magnetic anisotropy. Other studies by Coey 14 and Morup 15 have shown that nonlinear spin structure could give rise to spin pinning and a reduced magnetic moment of the particles.
In summary, we have synthesized cobalt-ferrite nanoparticles by ion-exchange method and studied their structural and magnetic properties. The size of the nanoparticles, the composition of the Fe-Co ferrites, and the blocking temperatures were found to depend upon whether divalent or trivalent Fe was used in the synthesis. The divalent Fe favors larger particle size, higher blocking temperature, and higher amount of Co in the ferrites than the trivalent Fe.
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